We have shown previously that urokinase plasminogen activator receptor (uPAR) and cathepsin B are overexpressed during glioma progression, particularly at the leading edge of the tumor. In the present study, we simultaneously down-regulated uPAR and cathepsin B in SNB19 glioma cell monolayer or SNB19 spheroids using an adenoviral vector carrying antisense uPAR and antisense cathepsin B and a combination of 
Introduction
The coordinated interaction of different proteolytic systems [e.g., serine proteases, cysteine proteases, and matrix metalloproteases (MMPs)] is essential for tumor cell invasion. The binding of the serine protease urokinase plasminogen activator (uPA) to its receptor (uPAR) is capable of initiating an extracellular cascade of proteolysis that involves the activation of plasminogen and other proteases (1, 2) . In addition, these proteolytic cascades release various growth and differentiation factors that are sequestered on the cell surface or within the extracellular matrix (ECM). These factors in turn contribute to the evolution of a migratory or invasive cell phenotype (3) . uPAR is a glycosylphosphatidylinositol-linked membrane protein lacking transmembrane and cytosolic domains that participates in the localization of plasminogen activation at the cell surface (4) . This cell surface activity facilitates cellular movement via ECM degradation, which is necessary for tumor cell invasion, chemotaxis, and cellular adhesion (5, 6) . Our findings and those of others have suggested that the levels of uPA and its receptor present in glioblastomas are much higher than those found in low-grade gliomas (7, 8) . Previous studies have shown that the uPAR antibody reduces tumor cell invasion in glioblastomas and colon cancer (9, 10) . Similarly, reducing uPAR levels using antisense oligonucleotides also was found to inhibit tumor growth, invasion, and metastasis in some cancers (11, 12) . We have designed previously an antisense vector against uPAR that depleted uPAR mRNA and receptors, which in turn inhibited glioma cell invasion in vitro as assessed by Matrigel and spheroid models and hindered tumor formation in vivo (13, 14) . However, because of the nature of the proteolytic cascade, which is believed to facilitate ECM and basement degradation, control of uPAR alone may not be sufficient for complete inhibition of tumor growth and invasion.
Researchers traditionally presumed that only proteases outside the tumor cell were important for tumor cell invasion, but recent data suggest that intracellular proteolysis also is significant (15) . The cysteine protease cathepsin B is a lysosomal acid hydrolase with a broad range of endopeptidase activity against substrates and has been found in association with the plasma membrane fraction of tumor cells and in the tumor cell media (16) . Up-regulation, membrane association, and secretion of cathepsin B have been shown to occur in many tumor types, including gastric, lung, colon, breast, brain, and prostate (16 -21) . Cathepsin B also has been shown to initiate the pro-uPA/ uPAR/plasminogen/plasmin proteolytic cascade, which ultimately activates latent transforming growth factor ␤ (22) . In addition to the indirect activation of MMPs via the uPA/uPAR/plasminogen/plasmin cascade mentioned previously, cathepsin B also may directly activate MMPs (e.g., interstitial collagenase and stromelysin-1; Ref. 23) . It was reported previously that membrane-associated cathepsin B might be important for the conversion of pro-uPA to high molecular weightuPA (24) and uPA, on binding uPAR, and is able to increase the expression of its receptor on the cell surface of uPAR-transfected kidney cells through a post-transcriptional mechanism (25) . Given these findings, cathepsin B may well be an important upstream regulator in the activation of pro-uPA/plasminogen and pro-MMPs. We and others have demonstrated that cathepsin B levels significantly increase during glioma progression and are strongly correlated with clinical evidence of invasion (20, 26 -29) . Furthermore, recent studies have shown that antisense cathepsin B and sense cystatin C, an inhibitor of cathepsin B, stable clones are less invasive in in vitro models and formed small tumors in nude mice (30, 31) .
In view of the high uPAR and cathepsin B levels in gliomas and other cancers, we hypothesized that the targeting of two different tumor-relevant proteolytic systems with a single treatment could have a significant therapeutic potential. We subsequently constructed a replication-deficient adenovirus expressing antisense transcripts for uPAR and cathepsin B (Ad-uPAR-Cath B). The present study demonstrates that the inhibition of uPAR and cathepsin B did have more of an effect in suppressing glioma growth, migration, invasion, and angiogenesis. These results suggest that the targeting of multiple proteases is a potentially useful gene therapy approach for the management of human brain tumors and other cancers.
Materials and Methods
Construction of Ad-uPAR-Cath B. We have reported previously the construction of a shuttle vector capable of expressing an antisense transcript at the 5Ј region of the human uPAR gene with a CMV promoter and BGH polyadenylation signal (pAd-uPAR; Ref. 32) . For the present study, we subcloned a 1.150-kb fragment of the 5Ј end of the cathepsin B cDNA in an antisense orientation driven by its own independent CMV promoter and BGH polyadenylation terminator into the pAd-uPAR construct. The sequence of the resulting clone pAd-uPAR-Cath B was confirmed. The plasmid construct then was cotransfected with a pJM17 vector in human embryonic kidney 293 cells for isolation of the recombinant adenovirus. The production and screening of adenoviral recombinants and the infection conditions of cells in culture have been described previously ( Fig. 1; Ref. 32 ). Adenovirus single construct for antisense cathepsin B also was constructed using the same 1.150-kb antisense with CMV promoter and BGH polyadenylation signal terminator. The control virus (Ad-CMV) was constructed with a CMV promoter and BGH polyadenylation signal but no gene insert in the E1-deleted region.
Cell Culture and Infection Conditions. SNB19 (human glioblastoma) cells were cultured in DMEM/F-12 supplemented with 10% FCS, L-glutamine (200 g/ml), 100 units/ml penicillin, and 100 g/ml streptomycin. Cells were maintained in a humidified atmosphere containing 5% CO 2 at 37°C. The human embryonic kidney cell line 293 was obtained from the American Type Culture Collection (Manassas, VA) and was grown in the same medium as used for glioma cell lines. Viral stocks were suitably diluted in serum-free medium to obtain the desired multiplicity of infection (MOI) or plaqueforming unit and added to cell monolayers and tumor cell spheroids (1 ml/60-mm dish or 3 ml/100-mm dish), and the cells then were incubated at 37 o C for 30 min. The necessary amount of culture medium with 10% FCS was added, and cells were incubated for the desired time periods.
Western Blot Analysis. At the end of different incubation periods, control and infected (Ad-CMV, Ad-uPAR, Ad-Cath B, or Ad-uPAR-Cath B) glioma cells and glioma spheroids with various doses of constructs were lysed with an NP-40 buffer containing 0.3% NP-40, 142 mM KCl, 5 mM MgCl 2 , 2 mM EDTA, 20 mM HEPES (pH 7.4), and a mixture of protease inhibitors (aprotinin, leupeptine, and phenylmethylsulfonyl fluoride; Sigma, St. Louis, MO). Total protein (10 -50 g) was separated on a 12% SDS-PAGE gel and subsequently transferred to a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA). The membranes were blocked with 6% nonfat dry milk and probed with rabbit antihuman uPAR antibody (R&D Systems, Minneapolis, MN) or antihuman cathepsin B antibody (Athens Research and Technology Inc., Athens, GA). Appropriate antibody conjugated with horseradish peroxidase was used as the secondary antibody, and membranes were developed according to an enhanced chemiluminescence protocol as per manufacturer's instructions (Amersham Biosciences, Piscataway, NJ).
Cell Migration from Spheroids. SNB19 cells (2 ϫ 10 5 /ml) were grown as multicellular tumor spheroids on 100-mm tissue culture plates coated with 0.75% agar. Six to eight spheroids measuring ϳ150 m in diameter (ϳ4 ϫ 10 4 cells/spheroid) were selected for each group and transfected with either Ad-CMV or Ad-uPAR-Cath B at the indicated MOIs. Seventy-two h later, a single glioma spheroid was placed in the center of each vitronectin-coated (50 g/ml) well of 96-well microplates, and 200 l of serum-free medium were added to each well. Spheroids were cultured at 37°C for 48 h, after which the spheroids Fig. 1 . Schematic presentation of Ad-uPAR-cathepsin B bicistronic construction. Antisense urokinase plasminogen activator receptor (uPAR) previously was cloned into polyadenylation signal (pAd) vector to generate pAd-uPAR plasmid, which was used as the backbone for the construction of pAd-uPAR-Cath B. Cathepsin B was cloned into the pcDNA 3 vector in the antisense orientation, and the expression cassette containing cytomegalovirus (CMV) promoter, antisense cathepsin B, and BGH poly(A) terminator was PCR amplified using the high-fidelity pfx polymerase (Invitrogen, Carlsbad, CA) to incorporate SalI sites in the 5Ј and 3Ј ends of the expression cassette. This antisense expression cassette was cloned into the SalI sites of pAd-uPAR to generate the bicistronic plasmid pAd-uPAR-Cath B. pAd-uPAR-Cath B then was cotransfected with pJM17 plasmid containing the adenovirus 5 genome with deleted E1 region into 293H cells to generate replication-deficient Ad-uPAR-Cath B adenovirus.
were fixed and stained with Hema-3 (Ficher Diagnostics, Middletown, VA) and photographed. The migration of cells from the center of the spheroids to monolayers was measured using a microscope calibrated with a stage and ocular micrometer and used as an index of cell migration.
Matrigel Invasion Assay. The invasion assay was performed as described previously (13) . Briefly, SNB19 cells were infected with 100 MOI of Ad-CMV, Ad-uPAR, Ad-Cath B, or Ad-uPAR-Cath B for 4 days, trypsinized, and counted. A total of 1 ϫ 10 6 /500 l cells of each treatment condition were added in triplicate to Matrigel-coated porous upper chamber inserts (Collaborative Research, Inc., Boston, MA) and placed in transwell chamber plates (Costar, Corning, NY). The cells then were allowed to invade for 24 h and quantitated as described previously and expressed as a percentage of the sum of cells in the upper and lower wells (13) . Cells on the lower side of the membrane were fixed, stained with Hema-3, and photographed.
Spheroid Invasion Assay. SNB19 cells (3 ϫ 10 5 /ml) and fetal rat brain cells (2 ϫ 10 6 /ml) were cultured in low-attachment 35-mm Petri dishes with constant shaking at 60 rpm until multicellular spheroids were formed. Selected spheroids consisted of ϳ1 ϫ 10 4 cells with a diameter of 100 -200 m and were infected with the indicated MOI of either Ad-CMV or Ad-uPAR-Cath B. Seventy-two h later, tumor spheroids were stained with the fluorescent dye DiI and confronted with fetal rat brain aggregates stained with DiO. Progressive destruction of fetal rat brain aggregates and invasion of SNB19 cells were observed with confocal laser scanning microscopy and photographed as described previously (14) . The remaining volume of brain aggregates or tumor spheroid during the cocultures in the presence of these constructs was determined as described previously (14) .
In Vitro Angiogenic Assay. SNB19 (2 ϫ 10 4 ) cells were grown as monolayers in eight-well chamber slides and infected with the indicated MOI of Ad-CMV, Ad-uPAR, Ad-Cath B, or Ad-uPAR-Cath B. After a 24-h incubation period, the medium was removed and cocultured with 4 ϫ 10 4 human dermal endothelial cells (Center for Disease Control and Prevention, Atlanta, GA) and incubated for another 72 h. Cells then were fixed in 3.7% formaldehyde and blocked with 2% bovine serum album. Endothelial cells were probed for factor VIII antigen using specific antibody (DAKO Corporation, Carpinteria, CA) for 1 h, following which the cells were washed with PBS and incubated with appropriate FITC-conjugated secondary antibody for 1 h. Finally, the cells were washed and examined with fluorescence microscopy (33) . Endothelial cells (4 ϫ 10 4 ) alone also were grown in the presence of conditioned media from control, Ad-CMV, Ad-uPAR, Ad-Cath B, or Ad-uPAR-Cath B at the indicated MOI. After 72 h, these cells were fixed in 3.7% formaldehyde and stained with H&E. Image-Pro software (Media Cybernetics, Inc., Silver Spring, MD) was used for quantification of angiogenesis of the FITC-stained cocultures and the H&E-stained cells. The degree of angiogenesis was measured by the following method: number of branch points and the total number of branches per point were counted, with the product indicating the degree of angiogenesis.
In Vivo NIRF Imaging. The design and synthesis of the enzyme-activated near infrared fluorescence (NIRF) probes are described in detail previously (34) . Briefly, the probe was a modification of a synthetic graft copolymer consisting of poly-L-lysine that is sterically protected by multiple monomethoxy-polyethylene glycol side chains (35) . U87-MG cells (5 ϫ 10 6 ) were s.c. injected into nude mice. Eight to 10 days later, when tumor size had reached 4 -5 mm, the mice were injected with 5 ϫ 10 8 plaque-forming units of either Ad-CMV or Ad-uPAR-Cath B every other day for a total of five times.
For s.c. tumors, we used the U87 glioblastoma cell line rather than SNB19 cells because SNB19 cells do not form solid tumors s.c. but rather tend to migrate and disperse, whereas U87 cells form big, solid tumors. Baseline images in the animals were obtained immediately before injection of the NIRF probe to allow for the evaluation of the spatial distribution of native fluorochrome (e.g., NIRF in the gut). Animals then were injected via the tail vein with 10 nmol of poly-l-lysine/methoxypolyethylene glycol graft copolymer (PGC) in 100 l of normal saline. Images were obtained at 72 h using the Kodak image station 440CF (Rochester, NY). Significance of the differences between the NIRF signal mean values of tissues was determined using twotailed t tests and SEM.
Dorsal Skinfold Chamber Model. Athymic nude mice (nu/nu; 18 male/ female; weight, 28 -32 g) were bred and maintained within a specific-pathogen, germ-free environment. The implantation technique of the dorsal skinfold chamber model has been described previously (36) Sterile small-animal surgical techniques were followed. Mice were anesthetized by i.p. injection with ketamine (50 mg/kg) and xylazine (10 mg/kg). Once the animal was anesthetized completely, a dorsal air sac was made in the mouse by injecting 10 ml of air. Diffusion chambers (Fisher Scientific, Hampton, NH) were prepared by aligning a 0.45-m Millipore membrane (Fisher Scientific) on both sides of the rim of the "O" ring (Fisher Scientific) with sealant. Once the chambers were dry (2-3 min), they were sterilized by UV radiation for 20 min. Twenty l of PBS were used to wet the membranes. A total of 2 ϫ 10 6 SNB19 cells infected with mock or Ad-CMV (100 MOI) or Ad-uPAR-Cath B (50 MOI) were suspended in 100 -150 l of sterile PBS and injected into the chamber through the opening of the "O" ring. The opening was sealed by a small amount of bone wax. A 1.5-2-cm superficial incision is made horizontally along the edge of the dorsal air sac, and the air sac is opened. With the help of forceps, the chamber was placed underneath the skin and sutured carefully. After 10 days, the animals were anesthetized with ketamine and xylazine and sacrificed by intracardiac perfusion with saline (10 ml), followed by 10 ml of 10% formalin/ 0.1 M phosphate solution, followed by 0.001% FITC solution in PBS. The animals were carefully skinned around the implanted chambers, and the implanted chambers were removed from the s.c. air fascia. The skinfold covering the chambers was photographed under visible light and for FITC fluorescence. The number of blood vessels within the chamber in the area of the air sac fascia was counted, and their lengths were measured.
Animal Experiments. SNB19 cells that stably express green fluorescent protein (GFP) were infected in culture with either 100 MOI of Ad-CMV, Ad-uPAR, and Ad-Cath B or 50 MOI and 100 MOI of Ad-uPAR-Cath B for 5 days, trypsinized, counted, and injected intracranially into nude mice. After a 5-week follow-up period (e.g., when the control mice start showing symptoms), the mice were sacrificed via cardiac perfusion with formaldehyde as described previously (14) . The brains were removed and fixed in 10% formaldehyde in PBS for 12 h. Following fixation, the brains were embedded in paraffin and sectioned as per standard protocols (14) . Sections were stained with H&E to reveal tumor growth. The sections were blindly reviewed and scored for the size of the tumor in each case semiquantitatively. The average cross-sectional diameter measured in sections of each tumor was used to measure tumor size and compared between controls and antisense transfectants. The variation between the sections in each group was Ͻ10%. Fluorescence microscopy was performed on tumor sections for GFP-expressing cells on plain deparaffinized, rehydrated sections and quantitated using Image-Pro Discovery software (Media Cybernetics, Silver Spring, MD).
Results
Ad-uPAR-Cath B Infection Decreased uPAR and Cathepsin B Protein Levels. We inserted two genes in an antisense orientation for a serine protease receptor (uPAR) and a lysosomal protein (cathepsin B) with their own independent CMV promoters into an E1-deleted recombinant adenovirus. To characterize the properties of the transcripts expressed from the engineered adenovirus, we infected proliferating SNB19 glioma tumor cells at the indicated MOIs of Ad-CMV, Ad-uPAR, Ad-Cath B, and Ad-uPAR-Cath B. Five days later, we harvested the cells and immunoblotted the lysate for uPAR and cathepsin B. Fig. 2A shows that the uPAR protein band (M r 60,000) was decreased in a dose-dependent fashion. With the Ad-uPAR-Cath B construct, uPAR protein levels decreased 50% at 10 MOI and 90% at 50 MOI as compared with the Ad-CMV-infected and mockinfected constructs. Fig. 2B shows that the decrease in uPAR protein also was related to time. In particular, the SNB19 cells infected with the bicistronic construct at 50 MOI showed a significant decrease by day 3, and by day 4 the decrease had reached 90%. Ad-uPAR also decreased the levels of uPAR at 100 MOI and fivefold to sixfold less compared with Ad-uPAR-Cath B at the same MOI (Fig. 2, A and B) . There similarly were significant decreases in cathepsin B protein levels in the cells infected with Ad-Cath B (100 MOI) and Ad-uPARCath B at 10 MOI and 50 MOI as compared with the mock-, Ad-CMV-, and Ad-uPAR-infected cells (Fig. 2C) . The reduction in cathepsin B levels also was related to time; SNB19 cells infected with 50 MOI of Ad-uPAR-Cath B showed a 90% decrease in cathepsin B levels by day 5 when compared with the cells infected with mock, Ad-CMV, and Ad-uPAR constructs (Fig. 2D) . Ad-Cath B similarly decreased the levels of cathepsin B at 100 MOI, but Ad-uPAR-Cath B significantly decreased sixfold to sevenfold more compared with the single constructs (Fig. 2, C and D) . ␤-Actin levels did not change under any of these conditions, indicating that similar amounts of protein were loaded. We also determined the effect of these constructs on SNB19 spheroids. Fig. 2E shows that Ad-uPAR-Cath B constructs decreased the levels of uPAR and cathepsin B in a dose-dependent manner. The single constructs also reduced the levels of uPAR and cathepsin B, and the effect was lower when compared with bicistronic constructs. These single constructs also were specific to their target molecules.
Ad-uPAR-Cath B Infection Decreased Angiogenesis. To assess whether Ad-uPAR-Cath B can influence tumor-induced angiogenesis in an in vitro system, we cocultured human endothelial cells with SNB19 cells. Endothelial cells formed capillary-like structures when cocultured with the SNB19 cells within 24 -48 h; however, when plated alone, endothelial cells did not form capillary-like structures. Fig. 3 , A-C, shows that Ad-uPAR (100 MOI) and Ad-Cath B (100 MOI) repressed capillary formation by ϳ65% and 45%, respectively, when compared with the mock or Ad-CMV-infected cocultures. In addition, SNB19 cells infected with 25 MOI of Ad-uPAR-Cath B inhibited endothelial capillary formation by ϳ75%. Moreover, increasing the MOI of the bicistronic construct progressively inhibited capillary-like structure formation in a dose-dependent manner. As indicated in Fig. 3 , A-C, the effect of the Ad-uPAR-Cath B construct in inhibiting capillary-like structure formation was much higher than Ad-uPAR and Ad-Cath B constructs.
To further demonstrate the effect of Ad-uPAR-Cath B in tumor angiogenesis, we used an experimental in vivo model system, the dorsal skinfold chamber assay. Implantation of a chamber containing SNB19 cells resulted in the development of microvessels (as indicated with arrows) with curved thin structures and the absence of FITC fluorescence. SNB19 cells infected with 50 MOI of Ad-uPAR-Cath B did not develop any new vessels, indicating that Ad-uPAR-Cath B infection can inhibit tumor-induced angiogenesis in vivo (Fig. 3, D 
and E).
Ad-uPAR-Cath B Infection Decreased Migration of Glioma Cells from Spheroids. To determine whether Ad-uPAR-Cath Bmediated inhibition of uPAR and cathepsin B can influence migration, we infected glioma spheroids with various concentrations of the bicistronic vector and observed the migration of cells on vitronectincoated plates. As seen in Fig. 4A , cell migration from Ad-CMVinfected spheroids was significant. In contrast, the migration rate was drastically reduced in spheroids infected with 10 MOI, 25 MOI, and 50 MOI of Ad-uPAR-Cath B in a dose-dependent manner. The migrating capacity of the control/Ad-CMV-infected spheroids was significantly higher (P Ͻ 0.001) than that of the Ad-uPAR-Cath B-infected spheroids as shown by the number of cells migrated out from the spheroids (Fig. 4B) .
Ad-uPAR-Cath B Infection Decreased Invasiveness of SNB19 Cells. To study the effect of the Ad-uPAR-Cath B bicistronic vector on glioma invasion, we used two different models (Matrigel and (Fig. 4C) .
To further investigate the role of Ad-uPAR-Cath B on invasion, SNB19 spheroids were infected with Ad-CMV and 10 MOI, 25 MOI, and 50 MOI of Ad-uPAR-Cath B for 5 days and stained with the fluorescent dye DiI (red). These spheroids then were cocultured with fetal rat brain aggregates stained with DiO (green), and images were obtained using confocal microscopy. Ad-CMV-infected spheroids progressively invaded the fetal rat brain aggregates within 72 h. In contrast, Ad-uPAR-Cath B decreased the invasion of glioma spheroids in a dose-dependent manner. A small region of cell colocalization was seen with a spheroid infected with 10 MOI of Ad-uPAR-Cath B, but no invasion of the fetal rat brain aggregates was observed at 72 h. With spheroids infected with 25 MOI of the bicistronic contrast, colocalization was seen but was relatively less than that seen in the 10 MOI-infected spheroids. In spheroids infected with 50 MOI of the virus, glioma spheroids and feta rat brain aggregates remained as two separate entities (Fig. 5A) . Quantitation of the remaining fetal rat brain aggregates indicated that glioma spheroids infected with Ad-CMV progressively invaded by ϳ90% at 72 h. However, glioma spheroids infected with Ad-uPAR-Cath B at 10 MOI, 25 MOI, and 50 MOI in cocultures with fetal rat brain aggregates invaded only 15-2% by 72 h (Fig. 5B) . These data suggest that Ad-uPAR-Cath B suppresses the invasive ability of glioma cells in vitro.
Ad-uPAR-Cath B Inhibits Tumor Growth in Mice. To determine whether decreased levels of uPAR and cathepsin B levels could inhibit tumor growth, we infected SNB19 variants that stably express GFP with either Ad-CMV, Ad-uPAR, Ad-Cath B, or Ad-uPAR-Cath B (50 MOI and 100 MOI) for 5 days. The cells were trypsinized, and 2 ϫ 10 6 /10 l were injected intracerebrally into nude mice (10 mice in each group). We sacrificed mice after 5 weeks of injections to monitor tumor development. All of the animals in the Ad-CMVtreated group had intact cerebral tumors that were characterized by H&E staining and strong GFP fluorescence (Fig. 5, C and D) . Brain sections of mice injected with 100 MOI of Ad-uPAR or Ad-Cath B had small tumors as illustrated by H&E staining and GFP fluorescence (Fig. 5, C and D) . Brain sections of mice injected with 50 MOI of Ad-uPAR-Cath B had only a small number of residual cells surrounding the injection tract, indicating some tumor growth as illustrated by H&E staining and GFP fluorescence. However, we did not detect any florescence in brain sections from mice injected with cells treated with 100 MOI of the bicistronic construct (Fig. 5, C and  D) . Quantification of GFP fluorescence revealed Ͼ60% reduction with 100 MOI of Ad-uPAR and Ͼ50% reduction with 100 MOI of Ad-Cath B compared with control and Ad-CMV groups (Fig. 5E) . Quantification of GFP fluorescence also revealed Ͼ80% of reduction with 50 MOI of Ad-uPAR-Cath B and no tumor growth with 100 MOI of Ad-uPAR-Cath B compared with control and Ad-CMV groups (Fig. 5E) .
Inhibition of Cathepsin B Levels in Ad-uPAR-Cath B Tumors as Determined with an NIRF Cathepsin B Probe. NIRF probes have low fluorescence unless activated by the target compound (proteases), can be detected in nanomolar amounts, and have no apparent toxicity at the tested concentrations (37) . These probes are highly specific for each protease and can detect the target protease in in vitro and in vivo models (37) (38) (39) . In vivo imaging of U-87MG tumorbearing mice demonstrated that the distribution of the NIRF signal was different between the animals infected with Ad-CMV and those infected with Ad-uPAR-Cath B; Ad-CMV-infected animals demonstrated high levels of cathepsin B compared with animals infected with Ad-uPAR-Cath B (Fig. 6) . These results clearly demonstrated that established tumor growth was inhibited by treatment with the Ad-uPAR-Cath B construct when compared with the Ad-CMV construct.
Discussion
In addition to vasculature remodeling and destruction of the surrounding normal brain tissue, local invasive infiltration and growth are key features of glioblastoma multiforme. The invasive character of glioblastoma appears to depend partly on the proteolytic destruction of the ECM. Several studies have indicated that proteases are involved in tumor growth and invasion at the primary and metastatic sites (40, 41) . The correlation between uPAR (7, 8, 13) and cathepsin B (20, 26 -29) expression levels and glioma aggressiveness suggest that cathepsin B and uPAR are important components of the invasive phenotype of gliomas. The use of antisense techniques to silence target genes has been shown to have potential efficacy in cancer therapy. In the present study, we simultaneously targeted these two proteases, uPAR and cathepsin B, using adenovirus-mediated antisense gene delivery. The anticancer effect of Ad-uPAR-Cath B was Fig. 4 . A, effect of Ad-uPAR-Cath B on the migration of SNB19 spheroids. SNB19 spheroids were infected with mock and Ad-uPAR-Cath B, transferred 72 h later to vitronectin-coated (50 g/ml) 96-well plates, and further incubated for 48 h. The cells then were washed, fixed, and stained with Hema-3. B, the migration of cells from the center of the spheroids to the monolayers was measured using a microscope calibrated with a stage and ocular micrometer. The data shown are the mean value Ϯ SD of the results of five independent experiments from each group. Effect of Ad-uPAR-Cath B on glioma invasion. C, SNB19 cells were trypsinized 96 h after infection with mock or 100 multiplicity of infection (MOI) of Ad-cytomegalovirus (CMV), Ad-urokinase plasminogen activator receptor (uPAR), Ad-Cath B, and Ad-uPAR-Cath B, washed with PBS, and resuspended in serum-free medium. Invasion assays were carried out in a 12-well transwell unit on a polycarbonate filter with 8-m pores coated with Matrigel, as described in "Materials and Methods." The percentage of invasion was quantitated as demonstrated with in vitro and in vivo studies using the SNB19 and U-87MG glioma cell lines. We demonstrated that the simultaneous blockade of uPAR and cathepsin B genes has an additive effect on tumor regression and tumor-induced angiogenesis as compared with our previous study on adenovirus-mediated antisense uPAR in SNB19 cells.
Adenovirus-mediated expression of antisense gene transcripts for uPAR, cathepsin B, and a combination of uPAR and cathepsin B significantly reduced the cellular expression of the uPAR and cathepsin B protein levels in SNB19 monolayers or SNB19 spheroids as determined with their respective antibodies by Western blot analysis. We then determined whether the inhibition of uPAR and cathepsin B could influence the invasive potential of SNB19 cells in two systems: Matrigel and a three-dimensional spheroid model. Ad-uPAR-Cath B infection had a more superior effect in inhibiting glioma invasion compared with Ad-uPAR infection. Our results are in accord with the observations that uPAR and cathepsin B are correlated with the invasive properties of malignant cells. As earlier research indicates, a proteolytic cascade involving multiple proteases facilitates tumor progression, and uPAR levels have been correlated strongly with metastatic potential in human cancer cell lines of the colon, lung, and melanoma (42) (43) (44) (45) . However, other studies of colon cancer metastasis have shown that antisense uPAR mRNA could only partially control metastasis. The effect of uPAR also could depend on the ratio of uPA to uPAR and the levels of their inhibitor plasminogen activator inhibitor 1. Furthermore, other proteases may compensate for the lack of uPA activity and uPAR protein. Cathepsin B is among the candidate proteinases believed to participate in invasion and metastasis. Cathepsin B also can activate the soluble and tumor cell receptorbound forms of uPA and other latent proteinases (23, 46) . Thus, the effective inhibition of invasion by Ad-uPAR-Cath B could be caused by the additive effect of inhibiting uPAR and cathepsin B.
In addition to the proteolytic degradation of the ECM, tumor progression requires the proliferation of cancer cells via adhesive and migratory events. SNB19 spheroids infected with Ad-uPAR-Cath B demonstrated significantly reduced migration as compared with vector controls at 10 and 25 MOI. Recent studies indicate that uPAR possesses cellular activities, including an ability to generate intracellular signal transduction, regulate integrin function, and directly bind vitronectin (47, 48) . Interaction of uPAR and integrins leads to potentiation of integrin-mediated signaling and enhanced cell migration (49) . Concomitant with this observation, Ad-uPAR-Cath B-infected SNB19 cells failed to adhere to the vitronectin-coated plates at 50 MOI in the present study. It has been demonstrated that the binding of uPA to its receptor promotes migration and invasion of melanoma cells in vitro (45) . Adhesion and migration in kidney epithelial and smooth muscle cells were inhibited with the disruption of caveolinintegrin-uPAR complex (50) . Increases of cathepsin B mRNA, protein, and/or activity are observed in tumor cells at the invasive edges of many cancers, including infiltrating glioblastomas (20) . Using immunofluorescence staining and enzyme histochemistry, it was found that cathepsin B is localized in fibroblasts, leukocytes, and ECM at the invasive front of rabbit V2 carcinoma (51) .
In this study, we have demonstrated that the management of intracranial malignant gliomas in nude mice with Ad-uPAR-Cath B was therapeutically effective when compared with the controls and single constructs of Ad-uPAR or Ad-Cath B. SNB19 cells were infected with either empty vector Ad-uPAR, Ad-Cath B, or Ad-uPAR-Cath B (50 MOI and 100 MOI), cultured for 5 days, and then injected into the brains of immunocompromised mice. As the results show, we did not detect any intracranial tumor growth in the mice treated with AduPAR-Cath B compared with Ad-CMV, Ad-uPAR, and Ad-Cath B. Ad-uPAR-Cath B suppresses two different tumor-relevant proteolytic systems, thereby leading to more effective inhibition of tumor growth. In vivo imaging of the s.c. tumors with an NIRF probe for cathepsin B also provided evidence of this inhibition; cathepsin B expression was significantly reduced in the bicistronic virus-infected tumors. Imaging techniques like this provide the much-needed clinical verification that protease inhibitors are reaching and reducing the activity of their intended target.
Our results also demonstrate that low concentrations of the bicistronic construct (25 MOI) Ad-uPAR-Cath B was effective in inhibiting capillary-like structure formation in an in vitro angiogenic assay in which SNB19 cells were cocultured with human dermal endothelial cells. Tumor progression and the incidence of metastasis are correlated with vascular density (52) . Clinical data have shown that malignancy index often is associated with tumor angiogenesis, and angiogenesis inhibition strategies recently have emerged as approaches for cancer management. Immunohistochemical and in situ histochemical studies have demonstrated cathepsin B expression in neovessels induced during the malignant progression of human glioblastoma and prostate carcinoma (27, 51) . Likewise, strong immunostaining of cathepsin B was observed in rat brain microvascular endothelial cells as they formed capillary tubes in vitro (53) . Studies have reported that cathepsin B stimulates angiogenesis by inactivating tissue inhibitors of MMPs and thereby indirectly increasing MMP activity, which is angiogenic (54) . The importance of the interaction between uPA and uPAR during angiogenesis also has been demonstrated in a number of in vivo systems. An octamer peptide derived from the nonreceptor-binding region of uPA was shown to inhibit tumor growth and angiogenesis in breast cancer (55) and in combination with cisplatin in glioblastomas (56) . To substantiate in vitro results, we also visualized tumor angiogenesis in vivo using the dorsal skinfold chamber model for s.c. tumors. This preparation facilitates the real-time analysis of angiogenesis and microcirculation in the tumors. Ad-uPAR-Cath B-infected cells exhibited decreased tumorinduced vasculature when compared with the control cells. We hypothesize that this event could be related to the tumor regression observed in Ad-uPAR-Cath B-treated tumors. Together, these results suggest that uPAR and cathepsin B may contribute synergistically to inhibit glioma invasion and tumor growth by inhibiting angiogenesis.
Increasing evidence suggests that virtually all tumors use proteases to invade the ECM. The level of protease activity may constitute a final common pathway for tumor invasiveness and may be a particularly appropriate target for anti-invasive therapy. Successful limitation of tumor spread by anti-invasive agents at particular stages of tumorigenesis could help to convert an infiltrative tumor into a local tumor, which then could restore efficacy to focal tumor therapies. Because invasiveness constitutes the most destructive characteristic of malignant gliomas and results in poor clinical outcomes, our attempt to simultaneously target uPAR and cathepsin B has clear clinical implications with a potential broad field of action for the management of other cancers, including brain tumors. 
